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Statement of problem. Although the retention force of maxillary complete 
dentures has been measured in numerous studies with different devices, 
the biomechanical mechanism associated with the generation of this 
retention force cannot be determined with these devices. 
Purpose. The purpose of this study was to investigate whether three-
dimensional finite-element analysis can be used to estimate the retention 
force of maxillary complete dentures. 
Material and Methods. The study included 12 subjects (six men and six 
women, mean age 77.5 years). Replicas of the maxillary complete dentures 
of all the subjects were made using Scanning resin®. The replica dentures 
were scanned using cone-beam X-ray computed tomography (CT), and 
Mechanical Finder® was used to construct three-dimensional finite-element 
models (dentures, mucosa, and jig). The pulling site was located 5 mm 
anterior from the central point of the denture's posterior border (P), 
and the pushing site was located at the central point of the central 
incisor edge (IE) and the right first premolar buccal cusp (PC). The load 
was 10 N and perpendicular to the occlusal plane. We carried out a 
comparative investigation of the association between the maximum 
principal stress generated and the denture retention force. 
Results. The stress distribution of the maximum principal stress at each 
measurement point was similar for each subject. The maximum principal 
stress at measurement site PC was significantly lower than that at 
measurement site P (p < 0.05), but there was no significant difference 
between the maximum principal stress at measurement site IE and that any 
of the other measurement sites. The maximum principal stress at sites P 
and IE were found to be correlated (p > 0.05). 
Conclusions. Our study results suggest that although more factors need to 
be considered, it may be possible to use three-dimensional finite-element 






January 21, 2016 
 
Stephen F. Rosenstiel  
Editor 
Journal of Prosthetic Dentistry 
 
Dear Dr. Rosenstiel: 
 
I would like to submit a research article for publication in Journal of Prosthetic Dentistry, 
titled “Relationship between retention forces and stress of at the distal border in 
maxillary complete dentures: Measurement of retention forces and finite-element 
analysis in individual subjects.”  
 
In this study, we investigated whether three-dimensional finite-element analysis can be used 
to estimate the retention force of maxillary complete dentures. Our study results suggest that 
although more factors need to be considered, it may be possible to use three-dimensional 
finite-element analysis to estimate the retention force of maxillary complete dentures. This 
model may provide the foundations for working toward a more accurate model by improving 
the condition settings in future studies. It would enable accurate measurement of stress 
distribution during dentures dislodgement and help in designing dentures that are more 
comfortable and that have higher retention force. This would be particularly helpful in 
situations where adhesives are used and poor patient compliance is reported. 
 
Our research is of particular interest and use to dentists involved in prosthetic and restorative 
dentistry, who comprise the majority of your journal’s readers.  
 
We have read and understood your journal’s policies on copyright, ethics, etc., and believe 
that neither the manuscript nor the study violates any of these. This manuscript has not been 
published or presented elsewhere in part or in entirety, and is not under consideration by 
another journal. All the authors have approved the manuscript and agree with submission to 
your esteemed journal. There are no conflicts of interest to declare. 
 





Takamasa Ogawa DDS  
Department of Geriatric Dentistry Showa University 
 2-1-1 Kitasenzoku, Ota-ku, Tokyo 145-8515, Japan 
Phone:  +81-3-3787-1151(EX236) 





Relationship between retention forces and stress at the distal border in maxillary complete 




 Yuji Sato, DDS, PhD,
b,
 Noboru Kitagawa, DDS, PhD,
c





This study was supported by a 2014–2016 Grant-in-Aid for Scientific Research (Basic Research 
C, Grant No. 26462935).  
a
Graduate student, Department of Geriatric Dentistry, Showa University School of Dentistry, 
Tokyo, Japan  
b




Associate professor, Department of Geriatric Dentistry, Showa University School of Dentistry, 
Tokyo, Japan  
d
Assistant professor, Department of Geriatric Dentistry, Showa University School of Dentistry, 
Tokyo, Japan  
 
Corresponding author:  
Dr. Takamasa Ogawa DDS  
Department of Geriatric Dentistry, Showa University 
2-1-1 Kitasenzoku, Ota-ku, Tokyo 145-8515, Japan  
Phone:  +81-3-3787-1151(EX236)  
Fax:  +81-3-3787-3971  
Title Page
Click here to download Title Page: Titel.docx
  
 
E-mail: ogawa0620@dent.showa-u.ac.jp  
 
Some of the information included in this report was presented at the 16th Biennial Meeting of 
the International College of Prosthodontists (September 16–20 2015, Seoul, Korea) and the 
124th Annual Meeting of the Japan Prosthodontic Society (May 30–31 2015, Omiya, Japan).  
 
ACKNOWLEDGEMENTS 
We would like to express our profound thanks to all the members of the Department of 
Geriatric Dentistry of Showa University School of Dentistry for their kind instruction and 
oversight throughout the study and to Professor Takashi Miyazaki of the Division of Oral 
Biomaterials and Technology, Professor Kazuyoshi Baba of the Department of Prosthodontics, 
and Professor Masanori Nakamura of the Department of Oral Anatomy of Showa University 
School of Dentistry for their helpful comments. We would also like to thank Mr. Atsushi Endo 
and Mr. Masahiko Ishida, technicians at the Department of Radiology of Showa University 






Statement of problem. Although the retention force of maxillary complete dentures has been 
measured in numerous studies with different devices, the biomechanical mechanism associated 
with the generation of this retention force cannot be determined with these devices.  
Purpose. The purpose of this study was to investigate whether three-dimensional finite-element 
analysis can be used to estimate the retention force of maxillary complete dentures.  
Material and Methods. The study included 12 subjects (six men and six women, mean age 
77.5 years). Replicas of the maxillary complete dentures of all the subjects were made using 
Scanning resin
®
. The replica dentures were scanned using cone-beam X-ray computed 
tomography (CT), and Mechanical Finder
®
 was used to construct three-dimensional 
finite-element models (dentures, mucosa, and jig). The pulling site was located 5 mm anterior 
from the central point of the denture’s posterior border (P), and the pushing site was located at 
the central point of the central incisor edge (IE) and the right first premolar buccal cusp (PC). 
The load was 10 N and perpendicular to the occlusal plane. We carried out a comparative 
investigation of the association between the maximum principal stress generated and the denture 
retention force.  
Results. The stress distribution of the maximum principal stress at each measurement point was 
similar for each subject. The maximum principal stress at measurement site PC was 
significantly lower than that at measurement site P (p < 0.05), but there was no significant 
difference between the maximum principal stress at measurement site IE and that any of the 
other measurement sites. The maximum principal stress at sites P and IE were found to be 
correlated (p < 0.05).  
Conclusions. Our study results suggest that although more factors need to be considered, it may 
*Manuscript
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be possible to use three-dimensional finite-element analysis to estimate the retention force of 
maxillary complete dentures.  
 
CLINICAL IMPLICATIONS  
If three-dimensional finite-element analysis could be used to measure the retention force of 
maxillary complete denture, this would enable accurate measurement of stress distribution 
during dentures dislodgement and help in designing dentures that are more comfortable and that 
have higher retention force. This would be particularly helpful in situations where adhesives are 




The increasing aging of Japanese society is expected to result in an increase in the 
number of people wearing complete dentures. Moreover, greater longevity will also lead to a 
rise in the number of patients with intractable diseases. Complete denture treatment has a major 
effect on the quality of life of elderly people, and the quality of this treatment will need to 
improve in the future.
1
 The factors involved in determining the quality of complete denture 
treatment include physical, biological, and mechanical factors, and a range of studies have 
investigated the association of these factors with denture retention force.
2-7
 The proper balance 
of these factors provides complete dentures with retention and stability, improving their 
wearers' quality of life.  
Various different devices have been used in the assessment of the retention force of 
maxillary complete dentures.
8-10
 Our own department has developed a simple device of 
demonstrated utility that can be used to measure denture retention force at the chairside.
11
 Even 
when these devices are used, however, the biomechanical mechanism for the generation of 
retention force in maxillary complete dentures cannot be determined.  
Three-dimensional finite-element analysis (FEA), a method of biomechanical analysis, 
might provide a solution to this problem. Its advantages include the ability to estimate the 
internal dynamic response of objects that are difficult to measure in experimental analysis, the 
ability to isolate diverse physical data such as stress, deformation, and displacement after 
analysis is complete, and the relative ease with which conditions can be set compared with other 
methods of biomechanical analysis. Many studies have used three-dimensional FEA to analyze 
the internal stress and distortion of dentures and the mucosa beneath dental plates, and it is the 
mainstream method of biomechanical analysis in the sphere of dentistry.
12-14
 FEA enables 
  
simulations that are more accurate by dividing the analytical model into smaller elements, 
setting more detailed load conditions and values for physical properties, and introducing 
temporal elements into non-linear analyses and motion analysis. However, the use of detailed 
conditions still unavoidably necessitates a very long analysis time. In the industrial sector, FEA 
is utilized in first-order analysis at the initial stages of structural design, in which the details are 
simplified with the aim of understanding overall trends. In this study, we used it for first-order 
analysis to advance the mechanical analysis of maxillary complete dentures. We produced an 
FEA model for each subject and considered the association between the stress values derived 
from this analysis and the values for denture retention force measured in a previous study.  
In this study, we investigated whether three-dimensional FEA, as a method of 
biomechanical analysis, could be used to estimate the retention force of maxillary complete 
dentures.  
 
MATERIAL AND METHODS  
1. Subjects  
The study included 12 individuals (six men and six women, mean age 77.5 years) 
whose dentures could be scanned by cone-beam X-ray computed tomography (CT) from among 
edentulous patients who had undergone measurements of the retention force of maxillary 
complete dentures as part of a previous study.
15
 
2. Creation of three-dimensional finite-element analysis models  
Figure 1 shows the procedure for the creation of three-dimensional FEA models (Fig. 
1). Impressions of the ground and mucosal surfaces of the subjects' maxillary complete dentures 
were taken using a silicone impression material (Examixfine
®
 paste type and injection type; GC, 
  
Tokyo, Japan), the impression surfaces were filled with radio-opaque self-curing resin 
(Scanning resin
®
, Yamahachi Dental MFG, Aichi, Japan), and this was pressed down to create 
the replica dentures (Fig. 2).  
The replica dentures were immobilized in a cone-beam CT scanner (3DX Multiimage 
Micro CT
®
, Morita, Tokyo, Japan), and CT images were scanned under the following imaging 
conditions: tube voltage 90 kV, tube current 5 mA, and slice thickness 0.16 mm. The CT data 
were used to construct three-dimensional FEA models by using three-dimensional FEA 
software (Mechanical Finder
®
, Research Center of Computational Mechanics, Tokyo, Japan) 
(Fig. 3a).  
A 2-mm thick mucosal layer was constructed on the mucosal surface of the dentures 
thus constructed (Fig. 3b). In our previous study, hooks were used for traction measurement and 
jigs to prevent the dentures from breaking. A 3-mm jig was therefore constructed on the ground 
surface of the dentures (Fig. 3c). Tetrahedral elements were used as the mesh shape, and 
divided into a total of approximately 70,000 nodes and approximately 350,000 elements. The 
dentures, mucosa, and jig were all treated as homogeneous isotropic linear-elastic structures.  
3. Analysis conditions  
(a) Determination of physical values  














 respectively for the jig (Table 1).  
(b) Load conditions  
The load points in the FEA models were set as traction and compression points in 




Pulling measurements  
Site P: 5 mm anterior from the central point of denture’s posterior border.  
Pushing measurements  
Site IE: The central point of the central incisor edge, i.e., the point located between the left and 
right incisor edges.  
Site PC: The right first premolar buccal cusp.  
Load points were designated at each load site on the FEA model, and the load was 
applied perpendicular to the occlusal plane of the complete dentures. Traction measurements 
were recorded when a load of 10 N was applied downward with respect to the occlusal plane, 
and compression measurements were obtained when this load was applied upward.  
(c) Constraint conditions  
The nodes on the bone adhesion surface of the mucosa beneath the plate were assumed 
to represent adhesion to the bone surface, and were all designated as constraint points.  
(d) Boundary conditions  
The boundary conditions between the dentures and the mucosa were set as adhesion 
conditions. The boundary conditions between the dentures and the jig were set so that there was 
adhesion only between the prosthetic teeth and the jig, with contact conditions set in other areas.  
(e) Analysis domain  
For both traction and compression measurements, the analysis domain was set as the 
posterior border of the mucosa on the assumption of a break in the border seal at the posterior 
border of the plate leading to denture detachment (Fig. 4). The longitudinal width was set as 1.5 
mm from the mucosal posterior border, and the transverse width was set as the distance between 
the hamular notches on both sides. The transverse width was subdivided into five smaller 
  
domains for analysis to account for the curve of the mucosal posterior border. Of the five 
subdomains, the value for the subdomain that exhibited the greatest principal stress at a node or 
element was taken as the representative value for each subject.  
4. Evaluation of stress values in FEA models  
The maximum principal stress generated at the mucosal posterior border under each 
loading condition was compared for each individual subject. We also investigated the 
correlations between the maximum principal stress at measurement sites IE and P and 
measurement sites PC and P, for which correlations had been found in our previous study.  
5. Evaluation of associations with previously measured retention capacities and stress values  
The correlations between the denture retention forces under various loading conditions 
measured in our previous study and the maximum principal stress generated at the mucosal 
posterior border were evaluated to investigate their association.  
6. Statistical analysis  
One-way analysis of variance (ANOVA) and the Games-Howell multiple comparison 
procedure were used to test the values for maximum principal stress under each loading 
condition to detect statistically significant differences at different load sites. Pearson's 
correlation coefficient and Spearman's rank correlation coefficient were used to investigate the 
correlation between the maximum principal stress at measurement sites P, IE, and PC and 
denture retention force. SPSS version 19 (SPAW Statistics 19®; IBM, Tokyo, Japan) was used 
for statistical analysis.  
 
RESULTS  
1. Maximum principal stress at each measurement site in the FEA models 
  
The stress distribution diagrams of the three subjects as typical examples are shown in 
Figures 5-7. Figure 8 and Table 2 show a comparison of the values for the maximum principal 
stress generated during loading at each measurement site. The values were significantly higher 
at measurement site P compared with those at measurement site PC (p < 0.05). There was no 
significant difference between the values at measurement site IM and those at any other 
measurement site.  
2. Associations between maximum principal stress at measurement sites IE and P and between 
those at PC and P  
Figure 9 shows the results of the analysis of the association between the maximum 
principal stress at measurement sites IE and P and between those at PC and P. The mean 
maximum principal stress at IE and P rose as the maximum principal stress at measurement site 
P increased. Pearson's correlation analysis revealed a significant positive correlation between IE 
and P (r = 0.609, p < 0.05). There was no significant correlation between PC and P (p > 0.05).  
3. Evaluation of association between actual measured retention force and maximum principal 
stress 
Figures 10 and 11 show an analysis of the association between maximum principal 
stress and the actual retention force measured in a previous study of the same subjects. An 
investigation of the correlation between the retention force values obtained from the previous 
study and maximum principal stress at measurement sites P, IE, and PC did not reveal any 





Estimation of maintenance force is thought possible if FEA can detect a correlation 
between the denture retention force and stress. However, in this study, it was not possible to 
obtain a clear correlation between the stress value and the denture maintenance force. 
Estimation of maintenance force using the newly set conditions is considered difficult. The 
three-dimensional FEA software used in this study is capable of constructing model shapes 
directly from CT images converted to DICOM data. Replicas of the subjects' dentures were 
fabricated in radio-opaque self-curing resin, enabling the easy acquisition of CT images of these 
dentures. Because the FEA models produced in this study treated the entire dentures as a single 
linear-elastic structure, they made no distinction between prosthetic teeth and the resin used for 
the plate. Future models should consider the structural elements of different types of dentures 
for analysis.  
To keep the model simple, the mucosal thickness was set at a uniform 2 mm in each 
case. In clinical practice, however, mucosal thickness varies between subjects and in different 
parts of the alveolar ridge.
18
 The feasibility of the reproduction of the inter-subject variability in 
mucosal thicknesses will need to be determined for carrying out more clinical simulations.  
In this study, we incorporated a jig into the model construction to make the 
measurement conditions as similar as possible to those of the previous study. When traction load 
points were designated in models constructed without the inclusion of a jig, localized stress 
concentrations were immediately observed below the load points. Our model, which included a 
jig component, was able to simulate the indirect application of traction to the dentures, 
extending the spread of the stress distribution. We adopted this model construction as it enabled 
us to more closely approximate the conditions of our previous study.  
In FEA, it is difficult to simulate conditions such as situations that are constrained by 
  
the lips and buccal mucosa, negative pressure inside the denture plate associated with the border 
seal, and the interposition of a liquid phase. In this study, the boundaries between the dentures 
and mucosa for each subject were treated as boundary conditions, with the denture plate 
adhering closely to the mucosa. Under this condition, the boundary conditions in all the FEA 
models were consistent, and it was difficult to reproduce individual variation. In our previous 
study, however, we carried out measurements with artificial saliva sprayed on the inner side of 
the dentures before each measurement in order to eliminate the effects of dry mouth and the 
viscosity of saliva. This meant that the state of the saliva in the mouths of the subjects was 
uniform, and the condition set in this study was therefore used. In our previous study, the jig 
was immobilized against the dentures by using undercutting in the prosthetic teeth. Denture 
adhesive was also interposed to further strengthen the bond. This was regarded as having 
resulted in firm fixation, and in the FEA models, the boundary between the jig and the prosthetic 
teeth in the dentures was treated as an adhesive condition, while the boundary between with the 
denture plate was treated as a contact condition.  
The maximum principal stress at site PC was significantly lower than that at site P (p < 
0.05). As the same load was applied to the load points, this suggested that site PC tends to exert 
less stress on the mucosal posterior border compared with site P. This means that loading at site 
PC is less likely to result in denture detachment compared with loading at site P, which supports 
the findings of our previous study. A comparison of the maximum principal stress at site P and 
site IE revealed that site P exhibited higher values than did site IE. The fact that the boundary 
between the dentures and the mucosa was an adhesive condition may have meant that there was 
some interference by the palatal mucosa before the stress generated during IE loading reached 
the posterior border of the plate, causing its attenuation. 
  
In our previous study, we found that the retention force generated during IE and PC 
loading was significantly correlated with the retention force during P loading, with a stronger 
correlation between the retention force of IE and that of P.  
In the present study, we found that the maximum principal stress at IE was strongly 
correlated with the maximum principal stress at P. This supports the findings of our previous 
study, which revealed that IE is an appropriate site for measuring denture retention force as it 
does not require a jig. There was no significant correlation between the values of maximum 
principal stress at P and that at PC. This may be because the prosthetic central incisors are 
aligned anteriorly to the crest of the alveolar ridge, while the alignment of the premolars and 
their positional relationship with the crest of the alveolar ridge varies greatly between 
individuals.  
We found no correlation between the values for maximum principal stress determined 
in this study and the values for retention force measured in our previous study. Factors required 
for the generation of denture retention force include the surface tension of the liquid phase, 
viscosity of saliva, the border seal formed by denture fitting, and soft tissue dynamics, including 
those of the mucosa beneath the dental plate.
20
 However, the FEA model used in this study did 
not consider the fluid changes or physical properties of an intervening liquid phase, which 
might affect the tendencies of denture retention force and maximum principal stress. Studies 
have also found that the amount of relief has little effect on complete denture retention force
21
; 
however, fluid mechanics need to be considered to account for the viscosity-mediated effects of 
saliva.  
Sufficient consideration was also not given to the border seal of dentures due to the lack 
of surrounding tissues such as the buccal mucosa. The effect of the post dam compression site 
  
that is required to seal the posterior border of maxillary complete dentures was difficult to 
incorporate into the settings for the conditions in this model. To account for the border seal, a 
model that includes the buccal mucosa and other soft tissues would need to be constructed, and 
the boundary conditions between the dentures and the mucosa would need to be improved.  
Estimation of maintenance force using FEA is difficult because a clear correlation is not 
observed between maintenance force and stress. In the future, boundary conditions, mucous 
membrane properties, and the effects of saliva could be considered indetermining the 
correlation between maintenance force and stress. Since an extremely large number of factors 
are involved in retention force, more factors need to be incorporated based on our results from 
this model in order to explain individual variations in retention force. This model may provide 
the foundations for working toward a more accurate model by improving the condition settings 
in future studies.  
 
CONCLUSIONS  
Our study results suggest that three-dimensional FEA may be useful to estimate the retention 
force of maxillary complete dentures. This would enable accurate measurement of stress 
distribution during dentures dislodgement and help in designing dentures with higher retention 
force that are more comfortable. This would be particularly helpful in situations where 
adhesives are used and poor patient compliance is reported.  
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Table 1. Values for physical properties in the FEA model  
   Materials       Young's Modulus (MPa)        Poisson's Ratio
     Denture                           2650                                0.3
     Mucosa                              3.5                                 0.4




















Table 2. Games-Howell multiple comparisons for maximum principal stresses at 
measurement sites P, IE, and PC  
IE 0.00123 0.596 -0.00182 0.00542
PC 0.00123 0.007 0.00105 0.00828
P 0.00123 0.596 -0.00542 0.00182
PC 0.00123 0.170 -0.00075 0.00648
P 0.00123 0.007 -0.00828 -0.00105


























Figure 1. Procedure for FEA model creation.  
 
Figure 2. Replica of maxillary complete denture.  




Figure 3a, b, c. FEA model.  
a, Denture b, Mucosa: Designed to have a thickness of 2 mm from the mucosal surface of the 
denture. c, Jig: Designed to have a thickness of 3 mm from the ground surface of the denture.  
 
Figure 4. Analysis domain for maximum principal stress.  
The longitudinal width was set as 1.5 mm from mucosal posterior border and transverse width 
as distance between hamular notches on both sides.  
 
Figure 5a, b, c. Diagram of maximum principal stress distribution during traction at 
measurement site P.  
Stress was concentrated at mucosal posterior border, and gradually decreased toward alveolar 
ridge in anterior tooth region. 
 
Figure 6a, b, c. Diagram of maximum principal stress distribution diagram during compression 
at measurement site IE. 
Stress was concentrated on labial side of alveolar ridge immediately below compression point 
and at mucosal posterior border. 
  
Figure 7a, b, c. Diagram of maximum principal stress distribution during compression at 
measurement site PC.  
Stress was concentrated on labial side of alveolar ridge immediately below compression point 
and on right side of mucosal posterior border.  
 
Figure 8. Maximum principal stress generated during loading at each measurement site in FEA 
model.  
Stress was greatest at measurement site P, where it was significantly higher than that at 
measurement site PC (p < 0.01). There were no significant differences between maximum 
principal stress at measurement site IE and that at other sites.  
 
Figure 9a, b. Correlation between maximum principal stress at different measurement sites. 
a, sites IE and P : There was a strong correlation between maximum principal stress at 
measurement site IE and that at site P (p < 0.05). b, sites PC and P: There was no correlation 
between maximal principal stress at measurement site PC and that at site P.  
 
Figure 10a, b, c. Correlation between retention force and maximum principal strength.  
a, site P; b, site IE; c, site PC : There was no significant correlation between denture retention 
force and maximum principal stress.  
 
Figure 11. Diagram showing associations between maximum principal stress and differences in 
denture retention force at measurement sites P, IE, and PE.  
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